Background: Accumulating studies have suggested that gut microbiota
capacity of differential gut microbiome signatures and decreased vitamin D3 to distinguish HTN patients (AUC = 0.749, P = .006).
Conclusions: Our findings suggest that the GM dysbiosis contributing to the development of HTN might be partially mediated by vitamin D3 deficiency. Future studies involving the underlying mechanism and intervention strategies targeting microbiome composition and vitamin D3 to counteract the progression of HTN are warranted.
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| INTRODUCTION
Substantial progress has been made in understanding the etiology and pathophysiology of hypertension (HTN), which is a major risk factor for a variety of cardiovascular diseases and has become a global public health concern.
1 HTN is believed to arise from the interplay between various environmental factors, and emerging evidence has demonstrated the causal relationship between gut microbiota (GM) dysbiosis and HTN. 2 For example, aberrant GM composition was found in HTN patients and elevated blood pressure (BP) was observed after fecal transplantation from HTN human donors to germ-free (GF) mice. 3 GM may participate in the progression of HTN by modulating immunoinflammatory responses and regulating bioactive metabolites. 3 A number of studies have confirmed the regulatory role of short chain fatty acids (SCFAs) in BP, 4 ,5 yet evidence to define the specific role of GM and its metabolites in the development of HTN is lacking.
In addition to GM dysbiosis, a large body of evidence has identified vitamin D deficiency as one of the novel risk factors for HTN. 6, 7 Underlying mechanisms for the progression of vitamin D deficiency-related HTN may include increased renin expression, 8, 9 hypocalcemia and hyperparathyroidism, 10, 11 increased sympathetic nervous activity, 12 and altered vascular function. 13, 14 Importantly, crosstalk between GM and vitamin D was recently revealed by Cantorna et al, 15 2 | METHODS
| Study cohort
Thirty-four HTN patients and 15 healthy individuals as matched controls (CTR) were enrolled from the Kailuan cohort. 16 The cutoff BP for HTN diagnosis was >140 mm Hg for systolic BP (SBP), and >90 mm Hg for diastolic BP (DBP). 1 Individuals with a history of heart failure, coronary heart disease, arrhythmia, structural heart disease, comorbidities, (inflammatory bowel diseases, irritable bowel syndrome, autoimmune diseases, liver diseases, renal diseases, or cancer) or use of antibiotics or probiotics in the previous month were excluded.
Demographic and clinical characteristics were obtained by completing face-to-face surveys and checking hospital or medical examination records. The study conforms well to the principles from the Declaration of Helsinki. The research protocol was approved by the ethics committee of Kailuan General Hospital. All participants signed informed consents.
| Metabolomic analysis based on liquid chromatography/mass spectrometry
Fecal metabolic profiles were obtained via liquid chromatographymass spectrometry (LC/MS). Detailed descriptions of LC/MS parameters are provided in the supplementary methods.
| Analyses of GM composition
Metagenomic sequencing data of stool samples from our previous study 3 were used in the present study, including abundance of 20 genera that distinguish HTN. Annotation, calculation of relative abundance, and correction of P values were performed as previously. 3 Furthermore, we calculated four parameters of GM composition including ratio of Firmicutes (F) and Bacteroidetes (B) (F/B ratio), Chao richness, Pielou evenness, and Shannon diversity. Detailed descriptions of these analyses are provided in the supplementary methods. Figure 1A-D) . Overall, 52 feces metabolites were altered (22 elevated and 30 decreased) in HTN patients ( Figure 1E , Table S1 ). Of note, we found vitamin D3 was significantly decreased in HTN (91.29 vs 63.75, P = .006, Mann-Whitney test, Figure 1F ).
| Statistical analysis

| Disordered gut microbiome in HTN patients
To evaluate the GM composition between HTN and CTR, we compared the F/B ratio and three other ecological parameters, including Shannon index, Chao richness, and Pielou evenness. Shannon index and Pielou evenness were significantly lower in HTN (P = .028 for Shannon index, Figure 2A ; P = .009 for Pielou evenness, Figure 2C ).
Consistent with these measures, Chao richness and F/B ratio also trended lower in HTN, although not statistically significant (P = .269
for Chao richness, Figure 2B ; P = .14 for F/B ratio, Figure 2D ). The decreased richness of genera observed in our cohort may suggest an imbalance of harmful and beneficial bacteria in HTN patients.
From our previous study, 3 we identified 20 bacterial genera that discriminated HTN from controls, including Roseburia, Akkermansia, Clostridium, Oscillibacter, Subdoligranulum, Ruminiclostridium,
Intestinimonas etc ( Figure 2E -G). The abundance of these genera is provided in Supplementary Table S2 . Most of the HTN-specific bacterial genera are considered to be beneficial microbes due to antiinflammatory properties or butyric acid production and were lower in HTN while enriched in CTR. 18 Additional analysis of Pearson correla- Then we analyzed the correlation between vitamin D3 and GM parameters. The positive correlation between vitamin D3 and GM parameters was striking (R 2 = 0.1296, P = .0111 for Shannon index, Figure 3B ; R 2 = 0.1509, P = .0058 for Pielou evenness, Figure 3D ; Figure 3E ). The association between vitamin D3 and Chao richness had the same trend but without statistical significance (R 2 = 0.241, P = .1131, Figure 3C ). These findings suggest that decreased vitamin D3 was partially associated with GM dysbiosis.
Moreover, to further clarify the role of specific bacteria with limiting production of vitamin D3, correlation analyses of 20 HTN-specific genera and vitamin D3 was performed. The results showed that six of these genera were positively correlated with vitamin D3, including Subdoligranulum (R 2 = 0.181, P = .0023, Figure 3F ), Ruminiclostridium (R 2 = 0.1217, P = .014, Figure 3G ), Intestinimonas (R 2 = 0.2036, P = .0011, Figure 3H ), Pseudoflavonifractor (R 2 = 0.1014, P = .0257, Figure 3I ), Paenibacillus (R 2 = 0.089, P = .0373, Figure 3J ), and Marvinbryantia (R 2 = 0.08173, P = .0464, Figure 3K ). It is worth noting that
Subdoligranulum is an anti-inflammatory bacterium shown to be significantly depleted in patients with coronary artery disease. 19 Furthermore, a previous study 20 regarding inflammatory bowel disease (IBD), a condition in which vitamin D deficiency seems to play a role in intestinal inflammation, showed that specific gut species including Subdoligranulum were increased after oral vitamin D administration in IBD patients but not CTR. Moreover, as Intestinimonas butyriciproducens converts lysine into butyrate, which is an energy source for colonocytes, the ammonium released can be used as a nitrogen source by bacteria and neutralizes acidity created by SCFA production. 21 The positive correlation between vitamin D3 and the reduction of specific GM genera in HTN patients suggests that GM dysbiosis may modulate vitamin D3 deficiency to mediate HTN.
To further identify the correlation among clinical indices, disordered GM and decreased vitamin D3, a correlation network ( Figure 3L ) containing these factors was performed. Both SBP and DBP were directly linked to dysbiotic GM and vitamin D3, which indicated that disordered GM was associated with decreased vitamin D3
and elevated blood pressure. Therefore, we may speculate that vitamin D3 production was limited by the disordered gut microbiota, which may contribute to the development of HTN. HTN patients. We identified the variance accounted for (VAF) score, ratio of indirect-to-total effect that determines the proportion of the variance explained by the mediating process. 22 The VAF for Pielou evenness and Shannon index was 35.55% ( Figure 4A) while that of the six vitamin D3-related genera was 43.51% ( Figure 4B) . The VAF for all of these metrics combined was 27.7% ( Figure 4C ). Thus, results
F I G U R E 2 Legend on next page.
from PLS-SEM indicated that the contribution of GM dysbiosis to HTN was partially mediated by influencing the metabolism of vitamin D3. PLS-SEM analysis showed that the contribution of GM dysbiosis on HTN was partially mediated by influencing the metabolism of vitamin D3.
| HTN is identifiable based on GM dysbiosis and vitamin D deficiency
These differential GM signatures and decreased vitamin D3 may be useful for the identification of HTN patients in clinical practice.
Measurement of blood pressure is convenient, but BP can be highly variable. Thus, the detection and confirming diagnosis of HTN should be based on comprehensive evaluation, such as out-of-office or ambulatory BP monitoring. 1 The relationship between BP and cardiovascular and renal events is continuous, making the distinction between normo-tension and HTN based on cutoff BP values somewhat arbitrary. 26 Therefore, based on our present results, detection of fecal vitamin D3 and GM composition could also be used as a biomarker during the diagnosis and follow-up of HTN.
Emerging evidence suggests that GM disequilibrium can induce various diseases through disordered metabolic pattern and its influences on the targeted organ. For example, in the gut-kidney axis disordered GM may lead to gut barrier dysfunction and bacterial translocation. Excessive uremic toxins are produced as a result of GM alteration, which are implicated in the kidney disease development. 27 Dysbiotic GM and metabolites can contribute to tubulointerstitial fibrosis, which might be mediated by tryptophan-derived metaboliteinduced inflammation and oxidative stress. 28 Meanwhile, the interaction between the gut epithelia and some commensal bacteria induces the rapid generation of reactive oxygen species, which participate in the development of nonalcoholic fatty liver disease. 29 With the establishment of the heart-gut axis concept, accumulating studies have suggested that the gut microbiome plays an important role in the genesis of cardiovascular diseases, including HTN. 3, 24 Our previous study depicted the signature of dysbiotic GM in HTN patients and demonstrated the causal relationship between GM dysbiosis and HTN. 3 As the understanding of the relationship between intestinal microbiome and diseases has deepened, possible underlying mechanisms have been proposed. For example, emerging evidence suggests that immune and metabolic alterations might bridge GM dysbiosis and diseases. 4 Butyric acid, 30 one of the SCFAs produced as a GM metabolite, is a potent vasodilator. In fact, SCFAs have been recently shown to modulate blood pressure. Gut microbial products have been implicated in sympathetic activation and maintenance of an influx of lymphocytes to intestinal tissue. 31 It follows that SCFAs from gut microbes contribute to the progression of HTN. Furthermore, there may be other GM metabolites that simultaneously participate in the regulation of BP, which warrants attention and further investigation.
Meanwhile, Vitamin D deficiency is an environmental risk factor that favors increased vascular tone. A significant body of evidence from animal models and observational human studies strongly supports the hypothesis that vitamin D deficiency contributes to HTN. 6, 7, 32 The vitamin D receptor is expressed in many tissues F I G U R E 2 Disordered gut microbiota in the hypertension (HTN) gut. A-D, Shannon index, Chao richness, Pielou evenness, and F/B ratio based on the genus profile in the CTR and HTN cohort (P = .028 for Shannon index; P = .269 for Chao richness; P = .009 for Pielou evenness; P = .140 for F/B ratio, respectively; Kruskal-Wallis test). Boxes represent the inter quartile ranges, the inside line or points represent the median, and circles are outliers. E, Heatmap of HTN-specific genera in 49 participants. The abundance profiles were transformed into Z scores by subtracting the average abundance and dividing the SD of all samples. Z score is negative (shown in blue) when the row abundance is lower than the mean. F, Heatmap of HTN-specific genera in CTR and HTN. G, Boxplots of abundance of 20 HTN-specific genera between CTRs and HTNs. Boxes represent the inter quartile ranges, the inside line or points represent the median, and circles are outliers. P value shown in the bottom of the plot, Mann-Whitney test. H, Correlations of 20 HTN-specific genera by using Pearson correlation analysis; Asterisks denote statistical significance between bacterial taxa, *P < .05, +P < .01
including the cardiovascular system, located in vascular smooth muscle and endothelial cells. 13, 14 Vitamin D regulates numerous genes involved in cell proliferation and differentiation, apoptosis, oxidative stress, membrane transport, matrix homeostasis, and cell adhesion. The present study had several limitations. The number of participants was relatively small. Meta-analysis 40 of studies based on metagenome and metabolomics in HTN patients might provide additional evidence to strengthen the current results. Furthermore, the conclusions drawn from our data were associations rather than causal relationships. Studies investigating the underlying mechanism of how GM may limit the production of vitamin D are necessary.
| CONCLUSION
The present study characterized the disordered GM and its contribution to the development of HTN, which was at least partially mediated by vitamin D3 deficiency. These novel findings are fundamental for further studies to explore the precise mechanism of how GM 
